Enhanced formation of superoxide radicals has been proposed to play a major role in the development of nitrate tolerance in humans. We tested the effects of vitamin C (Vit-C) supplementation on glyceroltrinitrate (GTN)-induced hemodynamic effects during 3-d nonintermittent transdermal administration of GTN (0.4 mg/h) in nine healthy subjects. Tolerance development was monitored by changes in arterial pressure, dicrotic digital pulse pressure, and heart rate. Studies with GTN, Vit-C, or GTN/Vit-C were successively carried out at random in three different series in the same subjects. GTN treatment caused an immediate rise in arterial conductivity (a/b ratio of dicrotic pulse), but within 2 d of initiating GTN, the a/b ratio progressively decreased and reached basal levels. In addition, there was a progressive loss of the orthostatic decrease in blood pressure. However, coadministration of Vit-C and GTN fully maintained the GTN-induced changes in the orthostatic blood pressure, and the rise of a/b ratio was augmented by 310% for the duration of the test period. Changes in vascular tolerance in GTN-treated subjects were paralleled by upregulation of the activity of isolated platelets, which was also reversed by 
Introduction
Organic nitrates are used to treat a large variety of cardiovascular diseases, including myocardial ischemia (1); however, most nitrovasodilators share the disadvantage of inducing nitrate tolerance, especially during nonintermittent administration (2) . Nitrate tolerance is a multifactorial phenomenon that includes both neurohormonal counterregulation and enhanced responses to vasoconstrictor agonists (3) . Despite many hypotheses regarding induction of nitrate tolerance, the underlying mechanisms have not been clearly defined. Recently Münzel and coworkers observed that the metabolism of glyceroltrinitrate (GTN) 1 was associated with enhanced superoxide production both in vitro and in vivo during tolerance, probably as a result of enhanced activity of NADPH oxidoreductases (4) (5) (6) . Furthermore, they postulated that the increased flux of superoxide acted as the final mediator of nitrate tolerance by inactivating NO released either from the administered drug or the endothelium (6, 7) .
In previous studies we attempted to suppress the superoxide-mediated inactivation of NO that is associated with GTN tolerance by examining the efficacy of various compounds that might intercept the free radical (8) (9) (10) (11) . Of the various antioxidants tested, including ascorbate (Vit-C), ␣ -tocopherol (Vit-E), N -acetyl-cysteine, and dimethyl sulfoxide, Vit-C proved to be most efficient in our preliminary studies (8) (9) (10) (11) (12) . Similarly, other reports have demonstrated that endothelial vasomotor dysfunction associated with the oxidative stresses encountered in a variety of disease states (including non-insulin-dependent diabetes, coronary artery disease, hypertension, hypercholesterolemia, and smoking) can be corrected by vitamin C administration (13) (14) (15) (16) (17) . Given these findings, the aim of this study was to test the effects of dietary supplementation with Vit-C on the development of GTN tolerance in human subjects.
Methods
The study was performed with nine healthy volunteers (two females, seven males) with a mean age of 38 yr (range 21-56) and a mean body weight of 74 kg (range 56-83), and was carried out according to the Helsinki Declaration recommendations for clinical trials in humans. All subjects were tested with an 0.8-mg GTN capsule given sublingually, and all responded with a Ͼ 40% increase in the a/b ratio of the dicrotic digital pulse (see below for details).
Study protocol. In a blinded fashion, the nine subjects received ( a ) two successive GTN transdermal delivery systems (TDS) daily (0.4 mg/h of GTN for 12 h) and an oral placebo (instead of Vit-C) three times daily for 3 d; ( b ) GTN-TDS twice daily with 2 Vit-C capsules (500 mg, retard delivery; Cetebe Smith Kline, Beecham, Herrenberg, Germany) three times daily for 3 d; or ( c ) placebo-TDS twice daily and two capsules of Vit-C three times daily for 3 d. Cardiovascular parameters and digital pulse were registered throughout the study (photoelectric sensor; Hellige, Freiburg, Germany). Before the subjects were admitted to the study, their hemodynamic responses to a 0.4-mg GTN capsule per os were checked. The minimal drop in systolic blood pressure required for the subject's acceptance was 8 mmHg. Blood pressure was continuously recorded using a Dinamap XL (Johnson & Johnson Medical GmbH, Norderstedt, Germany) both in the recumbent position and after an orthostatic challenge following a 10-min resting state (changes in the dicrotic pulse pressure waves a/b ratio sensitively reflect changes in arterial conductivity [18] ). This approach has been successfully validated with regard to a parameter of left ventricular filling indicated by the changes in diastolic pulmonary artery pressure with a correlation coefficient of 0.96 (19) .
Vit-C determinations. Vit-C concentrations in plasma were measured using HPLC and an electrochemical detector according to a modified method described by Pachla et al. (20) .
Platelet isolation and aggregation studies. Blood was drawn from the cubital vein into citric acid solution (6:1 vol/vol), and platelet suspensions were prepared according to Bassenge et al. (9) . Platelets were counted microscopically, and adjusted to a final concentration of 120,000 cells/ l. Thrombin-induced platelet aggregation was monitored in a two-channel aggregometer Elri-840 (ELRI, Milano, Italy) with the peak increase in light transmission obtained within 5 min after stimulation (21) . All parameters were measured at an external Ca 2 ϩ concentration of 1 mM after equilibration of platelets with a buffer for 20 min.
Measurements of [Ca
] i were determined spectrofluorometrically (SFM-25; Kontron Elektronik, Neufahrn, Germany) using Fura 2 AM dye (22) as described by Bassenge et al. (9) in 10 mM Hepes buffer containing 1 mM calcium.
Microviscosity measurements. Membrane fluidity of platelet plasma membranes was determined as described (23) .
Cyclic GMP assay. The cGMP levels of washed platelets was determined in supernatants after neutralization with bicarbonate (24) using a radioimmunassay (cGMP [ 125 I] RIA Kit; BioTrend, Cologne, Germany; reference 23). To determine cGMP content in phosphodiesterase-inhibited platelets, cells were incubated with 20 M zaprinast for 10 min (25) .
Calculations. All values are expressed as mean Ϯ SEM. Statistical significance was determined by Student's t test for paired data. Two groups of data were considered to be significantly different at a P value Ͻ 0.05.
Results
As demonstrated in Fig. 1 ( top ) , daily application of GTN with two consecutive TDSs resulted in an early increase in arterial conductivity as assessed by vascular relaxation. 24 h after the start of GTN administration, the a/b ratio of the digital pulse wave increased from 2.33 Ϯ 0.06 to 2.52 Ϯ 0.06 for an overall change of 8.2 Ϯ 2.5% ( P Ͻ 0.05). This dilation-induced response in conductivity progressively disappeared at the end of days 2 and 3 of GTN administration, thus indicating the onset of tolerance. In marked contrast, when Vit-C was administered with GTN (elevating plasma Vit-C levels fourfold from 2.90.9 to 12.62.5 g/ml), this decline in the GTN-induced elevation of arterial conductivity was prevented (Fig. 1) . Indeed, the vasodilator/conductivity responses evoked by GTN in the presence of Vit-C supplementation were potentiated throughout the 3-d observation period (e.g., 24.5 Ϯ 1.7% vs. control at day 1, compared with 8.2 Ϯ 1.5% without Vit-C; P Ͻ 0.05; n ϭ 9), but returned to control levels when GTN administration was discontinued (Fig. 1) . Vit-C supplementation alone caused no significant increase in conductivity (a/b ratio) at day 1 (4.1 Ϯ 0.3%, P Ͼ 0.05) or over the remaining period of Vit-C administration (Fig. 1) .
In addition to the changes noted in arterial conductivity, GTN-evoked dilator responses were also reflected by a significant drop in systolic blood pressure after orthostatic challenge, which disappeared progressively during tolerance development (Fig. 1, middle ) . In marked contrast, the decrease in systolic pressure after orthostatic challenge was maintained during coadministration of GTN and the Vit-C supplements (Fig.  1) . Parallel to the orthostatic systolic pressure drop, an increase in heart rate was observed in the GTN-Vit-C group, which was maintained over the course of the 3-d observation period (Fig. 1, bottom ) . This result is in contrast to GTN treatment without Vit-C supplementation, which elicited a progressive reduction in heart rate that led to tolerance after 3 d (Fig.  1, bottom ) . Significantly, Vit-C alone did not cause such changes in blood pressure or heart rate ( Fig. 1) .
To determine whether changes in vascular function were associated with alterations in platelet reactivity ex vivo, washed suspensions of platelets were recovered from each of the groups over the 4-d test period. As shown in Fig. 2 , thrombin-induced increases in intracellular calcium ( ⌬ [Ca 2 ϩ ] i ) rose progressively during GTN administration from 494 Ϯ 60 nM to a peak of 741 Ϯ 37 nM at day 3. However, when Vit-C was coadministered with GTN, the increase in ⌬ [Ca ] i corresponded to that observed in control platelets (Fig. 2) . Vit-C alone caused a nonsignificant decrease in ⌬ [Ca ] i were also associated with parallel increases in platelet aggregation from 29.2 Ϯ 2.8% before GTN treatment to 85.4 Ϯ 8.5% at day 3 of GTN treatment (Fig. 2, bottom ) . Similarly, platelet membrane microviscosity increased from 1.65 Ϯ 0.05 poise for controls to 1.92 Ϯ 0.09 poise in the GTN-treated group ( n ϭ 9, P Ͻ 0.01). In each case, dietary supplementation with Vit-C prevented the GTN-induced effects on platelet function. That is, increases in platelet responses to thrombin decreased to those seen in controls (Fig. 2, bottom ) while platelet membrane viscosity returned to control values (i.e., 1.64 Ϯ 0.06 at control, and 1.70 Ϯ 0.07 poise at day 3; no significant difference; P Ͼ 0.05, n ϭ 6). Vit-C alone (i.e., without GTN) caused an insignificant reduction in thrombin-stimulated aggregation from 19.2 Ϯ 2.8% at control to 18.7 Ϯ 2.1% at day 1 (Fig. 2) , and did not affect membrane viscosity (1.65 Ϯ 0.05 at control vs. 1.68 0.06 during Vit-C; P Ͼ 0.4).
The increases observed in aggregation with GTN treatment also coincided with a progressive decrease in platelet basal cGMP levels by 33.8 Ϯ 7.1% at day 3 (Fig. 3, top ) . While cGMP levels were increased transiently during GTN/Vit-C treatment, values returned to control levels by day 3. Vit-C did not affect basal cGMP-release. In the presence of the phosphodiesterase (PDE) inhibitor zaprinast, these trends in cGMP levels were not significantly affected (Fig. 3, bottom ) . Vit-C in the presence of phosphodiesterase inhibition did not affect basal cGMP-release.
Discussion
Documentation of tolerance. In this study, we have demonstrated that the vasodilatory changes associated with nitrate tolerance can be circumvented by dietary supplementation with Vit-C. Tolerance was documented by ( a ) monitoring changes in the a/b ratio (a sensitive and reproducible parameter corresponding to arterial conductivity [19] ); and ( b ) by monitoring orthostatic changes in systolic blood pressure and heart rate. At the end of 3 d of continuous GTN administration, early changes in each of these parameters had returned to control levels, documenting the development of tolerance. However, during coadministration of Vit-C, the original GTNinduced hemodynamic changes were maintained.
The mechanism(s) underlying nitrate tolerance remain undefined, and have included decreased biotransformation of GTN to its active metabolite(s), alterations in neurohumoral adaptation, and changes in guanylyl cyclase activity/activation (4, 7, (13) (14) (15) (16) (17) . However, recent attention has focused the ability of GTN to augment directly or indirectly the activity of the vessel wall-associated NADPH oxidoreductases that generate the superoxide anion (4, 7). In turn, superoxide has been postulated to inactivate the vasorelaxant properties of nitric oxide, as well as to promote formation of potentially deleterious metabolites, e.g., peroxynitrite (4, 7, (13) (14) (15) (16) (17) . Indeed, recent studies indicate that GTN metabolism in the tolerant state is accompanied by an increase in urinary excretion of nitrotyrosine (26) . While the means by which ascorbate prevents tolerance remain to be determined, others have suggested that Vit-C could ( a ) directly affect superoxide production by the NADPH oxidoreductase; ( b ) scavenge superoxide directly, and thereby decrease nitric oxide inactivation; ( c ) increase ni- trosothiol formation by protecting plasma thiols from oxidation; and ( d ) suppress peroxynitrite-mediated inactivation of target enzymes (4, 7, (13) (14) (15) (16) (17) (27) (28) (29) . Other factors, including possible effects on GTN biotransformation, the neurohumoral axis, prostacyclin generation, leukocyte aggregation, oxidized LDL generation, or platelet-activating factor mimetics, cannot be ruled out (30) (31) (32) (33) (34) (35) (36) .
Assessment of ex vivo platelet activity as a sensitive marker for nitrate tolerance. An interesting observation in this study was the existence of an unexpected upregulation in the activity of washed platelets recovered from individuals undergoing GTN treatment. In animal studies, in vivo administration of organic nitrates exerts antiplatelet effects that can be monitored in vitro (37) . Interestingly, however, hemodynamic tolerance was not always associated with a loss of antiaggregatory effects on platelets (37) . While the reasons underlying these differences have not been defined, our studies demonstrate that GTN tolerance in humans is associated with profound changes in platelet function that can be reversed by Vit-C supplementation. The in vivo significance of ex vivo decreases in cGMP and associated increases in thrombin-induced Ca 2 ϩ or platelet aggregation remain to be determined, but the data suggest that these parameters could be used to monitor tolerance induction. In any case, it is interesting that the washed platelets that are no longer exposed to GTN, nitric oxide, or Vit-C appear to be imprinted from their in vivo exposure to the organic nitrate and its downstream effectors.
In conclusion, we have shown that tolerance to nonintermittent GTN administration in humans can be circumvented by dietary supplementation with vitamin C. Given the ability of Vit-C to reverse endothelial vasomotor dysfunction in a variety of vascular disease states that have been associated with increases in vessel wall-derived superoxide production (4, 7, 13-17), we hypothesize that these nitric oxide-protective effects are a consequence of Vit-C's antioxidant properties. These observations are also in keeping with preliminary reports that have demonstrated similar effects in GTN-tolerant patients receiving other antioxidants, such as vitamin E (38) (39) (40) . Taken together, these studies suggest that administration of vitamin C may prove useful for overcoming the tolerant state induced during prolonged administration of nitrovasodilators in acute ischemic syndromes or congestive heart failure. In addition, as progressive upregulation in the activity of washed ex vivo platelets coincides with vascular tolerance, these simple assays may serve as useful clinical markers to assess further the underlying mechanisms associated with the induction or reversal of nitrate tolerance.
